TREATMENT OF SLEEP APNEA
OBESITY IS A MAJOR WORLDWIDE PUBLIC HEALTH PROBLEM, AND RECENT STUDIES HAVE HIGHLIGHTED THE HEALTH BENEFITS OF WEIGHT REDUCTION IN obese subjects. 1 Obstructive sleep apnea (OSA) is a common and major complication of obesity. 2 An obese male is 5-18 times as likely to have OSA as males in the normal weight range. 3 It is estimated that over 50% of obese males have OSA. 4 Although the health consequences of obesity, particularly central obesity, are well established, there is increasing evidence that the presence of OSA independent of obesity contributes to the cardiovascular disease and metabolic abnormalities seen in these patients. 5, 6 A number of small, uncontrolled studies have demonstrated a reduction in OSA severity after weight loss by caloric restriction. 7 However, dietary weight loss programs alone have variable success in weight reduction. Adjunctive pharmacotherapy for obesity in addition to dietary strategies appears to be a promising treatment, and there is emerging evidence of benefit in reduction of sleep disordered breathing. 8 Weight loss surgery has previously been shown to reduce OSA severity in small uncontrolled cohort studies. 9 Therapies such as nasal continuous positive airway pressure (CPAP), mandibular advancement splints, and upper airway surgery are frequently used in OSA but have variable compliance or efficacy. 10 Treatment efficacy may be particularly impaired in patients with OSA and obesity. 11, 12 Therefore sustained weight loss may have definite advantages in overall management of OSA, by reducing apnea severity and reducing other morbidity in obesity such as diabetes, hypertension, and hyperlipidemia. Given the potential independent contribution of OSA to morbidity in severe obesity, it is of interest to determine the effect of change in sleep apnea status on comorbidities of obesity in subjects undergoing weight loss.
The Swedish Obese Subjects (SOS) cohort 13 is an ongoing, long-term, prospective investigation of the effect of surgical weight loss on morbidity, mortality, and social impairment. We have previously used baseline data from this study to establish an important role for OSA in the comorbidities of obesity. 4, 14 The purpose of the present study was to prospectively investigate the influence of sustained weight loss on symptoms of sleep apnea and morbidity typically associated with obesity.
METHODS

General Design
SOS (Swedish Obese Subjects) is an ongoing nationwide project designed to determine whether the morbidity and mortality rates among obese people who lose weight by surgical means differ from those in a matched obese reference group.
13,15 SOS consists of a registry study and an intervention study. 13 The criteria for inclusion in the intervention study are age between 37 and 60 years, BMI ≥38 kg/m 2 for women, and BMI ≥34 kg/m 2 for men. Severe illness, abuse of alcohol or drugs, and previous bariatric surgery were reasons for exclusion, whereas diabetes, hypertension, and previously experienced (not within the last 6 months) myocardial infarction were not.
The study was not randomized since the ethics committees in Sweden did not approve randomization into surgical or control groups. Instead, patients willing to undergo surgical therapy were computer matched to those preferring conventional treatment with respect to sex and 18 other clinical variables. These were age, height, weight, waist and hip circumferences, waist/hip ratio, systolic blood pressure, cholesterol, triglycerides, smoking, diabetes, menopause, and six parameters evaluating psychological status: perceived health, psychasthenia, monotony avoidance, available social interaction, availability of attachment, and stressful life events.
Surgical procedures used for weight reduction included gastric bypass, vertical banded gastroplasty, and gastric banding. 15 Surgery and follow-up was conducted at 25 different surgical departments in Sweden. Control subjects received routine obesity management offered at 480 primary health care centres located throughout the country. These treatments included dietary advice, physical training, low calorie diets, and behavior modification. No anti-obesity drugs were registered in Sweden during the study period.
Treatments and Study Groups
We examined data at baseline and at 2-year follow-up for subjects included in the study prior to September 30, 1998 . Table  1 shows the clinical characteristics of the surgery and control groups who completed 2-year follow-up. At baseline, the surgical and control groups were similar with respect to gender and living arrangements. The average interval between registry examination and baseline examination in the intervention study was 9 months. During this initial period between matching and inclusion, the group awaiting surgery gained weight while the control group lost weight, resulting in a difference in body weight. Patients in the surgical group were slightly younger than those in the control group, had a higher prevalence of hypertension and diabetes, and were more frequently smokers.
Sleep Apnea Questions
All subjects completed an 8-item sleep questionnaire at baseline and at 2-year follow-up using questions identical to those used in previous cross-sectional and longitudinal surveys in Sweden and validated against polysomnography in a subsample. 16, 17 Subjects were asked if they had a current regular home partner. The survey included the following questions directly related to sleep apnea-two questions utilizing a 5-point scale (never, rarely, sometimes, often, very often), one related to presence of loud and disruptive snoring, and another related to frequent daytime sleepiness. Subjects reporting "often" or "very often" were con- Sleep Apnea, Morbidity and Obesity-Grunstein et al sidered to be frequent snorers or to have frequent daytime sleepiness, respectively. In addition to these questions, subjects were asked whether a partner or another family member had observed frequent pauses in breathing during sleep (yes/no).
4,14
Measurements
Anthropomorphic measurements (body weight, height, neck, waist and hip circumference) were measured as previously described. Systolic and diastolic (phase V) blood pressures were measured in the right arm using a mercury sphygmomanometer after 15 minutes of supine rest (single reading). Cuff width and upper arm circumference were recorded in each individual case. The blood pressures were adjusted for any incongruities in these measurements before analysis.
18
Laboratory Data
Blood samples were obtained in the morning after 10-12 hours of fasting. Serum insulin was measured radioimmunochemically. Blood glucose and the remaining serum tests were analysed by enzymatic techniques.
Criteria for Health and Disease
The diagnosis of diabetes was based on the presence of fasting glucose ≥6.1 mmol/L and/or self-reported use of anti-diabetic medication. Cut-off values used for definitions of hypertriglyceridemia and hypercholesterolemia were serum triglycerides ≥ 2.8 mmol/L and total serum cholesterol ≥5.2 mmol/L, respectively. The diagnosis of hypertension required a systolic blood pressure ≥140 mm Hg or a diastolic blood pressure ≥90 mm Hg and/or medication prescribed specifically against hypertension. The incidence calculations are based on the diagnoses of developed diabetes, hypertension, hypertriglyceridemia, or hypercholesterolemia among individuals who were not affected by these conditions at the start of the intervention. Persistence of disease was calculated based on continuation of diagnoses at 2-year followup. For the purpose of analysing data on incidence or persistence of comorbidity, the presence of sleep apnea was determined by a positive response to the question regarding frequent observed breathing pauses during sleep and is denoted as observed apnea in the text. Analysis using observed apneas plus snoring and sleepiness resulted in a restricted population not suitable for multivariate analyses.
Statistical Methods
Fisher´s exact test was used to compare incidence and persistence proportions of sleep apnea symptoms between the 2 treatment groups. Further, to control for baseline differences between the 2 treatment groups, a logistic regression model was used, adjusting for sex, age, BMI, smoking, diabetes, alcohol, and neck circumference. We report odds ratios (OR) with 95% confidence intervals (CI). The control group was always used as the reference group. Data were analyzed according to intention to treat, so that subjects in the control group who may have had surgery outside of the study are included in the control group.
After pooling the 2 treatment groups, the incidence and persistence proportions were examined in relation to degree of change in body weight. Changes in body weight were calculated as percent of the initial value and grouped in quartiles. Logistic regression models adjusting for baseline differences were used to compared the 4 weight change groups. The quartile with least weight change was used as the reference, and odds ratios and 95% CIs are reported.
Similarly logistic regression models were used to study incidence and persistence of diabetes, hypertension, and hyperlipidemia in relation to sleep apnea status. All the analyses were performed using the Stata statistics package (Stata Statistical Software: Release 7.0, Stata Corporation, College Station, TX, USA).
RESULTS
Baseline characteristics of subjects completing the 2-year follow-up are shown in Table 1 . Among the 1592 surgically treated patients available at 2 years, 1143 (71.8%) underwent vertical banded gastroplasty (VBG), 325 (20.4%) gastric banding, and 124 (7.8%) gastric bypass. These operations were performed at 25 surgical departments located throughout Sweden. Calculations performed in February 2000 showed a perioperative mortality rate of 0.21%, and the incidence of other surgical complications (bleeding, embolus and/or thrombosis, wound complications, deep infections, pulmonary, and other complications) was 13%.
There was substantial weight reduction in the surgery group at 2 years. The mean weight loss in surgically treated patients was 27.8 kg, corresponding to 23% of baseline weight. Mean BMI decreased from 42.2 to 32.5 kg/m 2 compared with baseline weight. The average weight in the control group remained essentially unchanged. Greater than 10% weight loss was achieved by approximately 50% of the entire SOS study group. Average relative weight loss in the surgery group was 21.9% and 23.3% in men and women, respectively (P = 0.015). This could in part be explained by different inclusion criteria for men and women in the study.
Weight Change and Sleep Apnea Symptoms
To evaluate appearance of new sleep apnea-related symptoms, we analysed data in subjects without symptoms at baseline. The development of new symptoms of apneas and snoring was approximately 4 to 5 times lower in the surgery group than the control group (Table 2 ). The incidence of sleepiness was also lower in the surgery group (Table 2) . Of the subjects in the surgery group with frequent complaints at baseline, only 20%-30% had persisting symptoms at follow-up (Table 2 ). In contrast, approximately 50%-70% of control subjects reported persistent symptoms.
The improvement in symptoms of apneas and daytime sleepiness was similar in surgically treated men and women. In contrast, reduction in the incidence of snoring was larger in surgically treated women as compared to men. The ORs for comparison of treatment groups were 0.36 and 0.13 in men and women, respectively (P = 0.024 for sex-treatment interaction).
To investigate the relationship between degree of weight loss and change in sleep apnea symptoms, we stratified the entire study sample (surgery and control groups) into quartiles, according to change in weight from baseline. There was a dose-response effect of weight loss on sleep apnea symptoms ( Figures 1 and 2) . Subjects in the quartile with the greatest weight loss were 2-13 times less likely to report the development of new sleep apnea symptoms ( Figure 1 ) and 2.5-7 times less likely to report continuing sleep apnea symptoms than subjects in the quartile with the least weight change (Figure 2) . Even in the second quartile, corresponding to a weight reduction of 0.0% to 11.0% of baseline body weight, the odds ratio for a report of frequent apneas, snoring, and daytime sleepiness was reduced by approximately 50%.
In general, the effect of weight loss on symptoms of apneas, snoring, and daytime sleepiness was similar in men and women. For snoring and daytime sleepiness, however, there was a statistically significant interaction between sex and weight loss, so that men with greatest weight loss had relatively larger improvement in these symptoms compared with women with greatest weight loss (sex-weight loss interaction, P = 0.003 for snoring, P = 0.029 for daytime sleepiness).
Obesity-Associated Morbidity
The impact of sleep apnea (defined as the presence of frequent witnessed apnea, i.e., "observed apnea") on the development of obesity-associated morbidity, the 2-year incidence of diabetes and hypertension was calculated in the entire group. The 2-year incidence of diabetes, adjusted for weight change and other variables, was more than 2 times higher in subjects who developed or continued to have observed apnea as those who did not (Table  3 ). However, the adjusted incidence of hypertension over the 2-year period was similar in subjects with and without this symptom at follow-up. Similarly, the adjusted incidence and persistence of hypercholesterolemia was unrelated to observed apnea status, while hypertriglyceridemia was 1.9 times more likely in subjects developing or maintaining observed apnea compared with those who did not (Table 3) .
DISCUSSION
This study has demonstrated that symptoms of sleep apnea such as snoring, breathing pauses during sleep, and sleepiness are markedly improved following surgical weight loss in a dose-dependent fashion. These findings have important implications for the management of sleep disordered breathing in patients with severe obesity, supporting an important therapeutic role for bar- iatric surgery in such patients. These data also add to previous reports from the SOS cohort demonstrating that a 2-year weight loss leads to a dramatic reduction in obesity-related comorbidity such as diabetes, hypertension, and hyperlipidemia. 15 Moreover, the observation that there was a doubling of the odds ratio for incidence of either diabetes or hypertriglyceridemia with development or maintenance of observed apnea suggests a contributory role for OSA in some obesity related morbidity. These metabolic findings persisted even after adjustment for weight change and a range of other confounding variables, including neck size, as a marker of central obesity. In contrast, observed apneas in this cohort were not associated with the development of hypertension or hypercholesterolemia during the follow-up period.
The SOS study offers a unique opportunity to investigate OSA symptom change prospectively in a large cohort of obese subjects. It provides the first controlled study addressing the impact of weight loss on these symptoms and associated morbidity. There are several key observations in this analysis of 2-year follow-up data. Firstly, sustained weight loss leads to a marked reduction in symptoms of sleep apnea. Secondly, symptom reduction was proportional to the degree of weight loss. Subjects in the quartile with the greatest weight loss were 2.5-7 times less likely to report OSA symptoms such as frequent snoring, witnessed apnea, and excessive sleepiness than subjects in the quartile with the least weight change. At 2-year follow-up, among symptomatic subjects in the quartile with the greatest weight loss, only 17.0% still Figure 2-Subjects divided in the quartile according to weight change. Subjects with the greatest weight loss were 2.5-7 times less likely to report continuing sleep apnea symptoms than subjects in the quartile with the least weight change. Odds ratios and confidence intervals expressed relative to the quartile with the least weight loss (OR 1.0)
Sleep Apnea, Morbidity and Obesity-Grunstein et al reported frequent apneas, 9.6% reported frequent snoring, and 24.8% reported frequent daytime sleepiness. Symptoms suggestive of sleep apnea were extremely common in the SOS cohort at baseline. 4, 14 Frequent snoring was reported in 44.5% of subjects who subsequently underwent bariatric surgery. In these subjects at 2-year follow-up, 10.8% still reported frequent snoring. This level of snoring prevalence is similar to that (14.7%) found in a previously published random sample of 2,668 Swedish non-obese males (mean BMI 27) with an almost identical mean age using identical survey questions. 17 Therefore, the surgical intervention in the SOS study had a major impact on snoring prevalence reducing the frequency of this symptom to that found randomly in the population. In fact, there appeared to be an almost linear association between the degree of weight loss in the whole SOS cohort and reduction in symptoms of sleep disordered breathing.
Weight loss is frequently mentioned as a treatment alternative for OSA. Small and uncontrolled studies of bariatric surgery have reported a dramatic reduction of OSA in the short term, 7, 9, 19 though the amount of weight loss achieved by surgical intervention may not be correlated with improvement in OSA. 19 Long-term controlled studies examining the effect of weight loss on OSA or OSA-related symptoms have not previously been performed. Observations in the Wisconsin Sleep Cohort 20 have demonstrated that subjects who lose weight reduce the severity of sleep disordered breathing. However, this study involved a population with a mean BMI of 29 at baseline, and the median number of OSA events was low in contrast to our population that was more obese and therefore more likely to have worse OSA. Our data supports a dose-response effect for weight loss on sleep apnea symptoms and further shows that the impact of weight loss on OSA is sustained long-term.
Weight loss may reduce OSA severity by a number of mechanisms. Fat deposition adjacent to the upper airway promotes mass loading and obstruction of the upper airway during sleep and is reduced by weight loss. 21 In addition, abdominal obesity reduces lung volumes and may, by means of altered air flow dynamics, mechanically reduce pharyngeal cross-sectional area, and increase pharyngeal resistance. 22 Weight loss leads to an increase in lung volume and reduction in upper airway collapsibility. 23 We also observed, after adjustment for weight loss, fat distribution, and other variables, that the incidence of diabetes was more than doubled in subjects with newly developed or continuing observed apnea. A number of studies suggest that there is biological plausibility for the role of sleep apnea in the development of obesity-associated comorbidities. 24 An obesity-independent association between OSA and increased insulin levels has previously been observed in the SOS cohort 4 and in other cross-sectional studies. 25 Some studies suggest an improvement in insulin sensitivity with CPAP treatment, 26, 27 although this observation was more pronounced in non-obese patients. 27 The 2-year weight loss adjusted incidence of diabetes in the present study was more than 3 times higher in subjects who developed or maintained observed apnea than those who did not. Similar findings were observed for hypertriglyceridemia. The increased likelihood of comorbid diabetes and hypertriglyceridemia in these patients may be explained by a number of mechanisms. Recent studies in patients with OSA have found evidence of endothelial dysfunction, 28 increased concentrations of leptin, tumour necrosis factor-alpha and free fatty acids, 29 and elevated muscle sympathetic nerve activity. 36 All these abnormalities have been identified as contributors to the pathogenesis of diabetes in severe obesity. 30 It is possible that the diabetes in these SOS study subjects may be influenced by coexistent sleep disordered breathing. This situation may be different in less obese subjects, in whom there does not seem to be an obesity-independent effect of OSA in the development of diabetes. 31 Previous work in the general population has observed that the likelihood of newly developed hypertension appears to be nearly three times higher in subjects with sleep apnea independent of other known hypertension associated risk factors, including central obesity. 5 Treatment of sleep apnea with CPAP has also been associated with a fall in blood pressure. 32 However in this study, in contrast to the finding with diabetes, hypertension incidence or prevalence over the 2-year period (persistence) was unaffected by change in observed apnea. It is possible that hypertension in the severely obese with OSA may involve mechanisms different from those occurring in the general OSA population or that elimination of sleep disordered breathing following weight reduction may be less complete than that generally seen after CPAP treatment of sleep apnea. Moreover, others have recently questioned the independent impact of sleep apnea on hypertension and the efficacy of CPAP in reducing blood pressure. 33, 34 The strengths of this study include the large size of the cohort, the availability of a control group for surgical intervention, and the use of identical survey instruments and objective testing at 2-year follow-up. One obvious limitation of such a study is the use of survey questions as indices of sleep disordered breathing instead of full polysomnography. Polysomnography was not readily available when the SOS study was conceived in the mid 1980s; instead, survey questions that had been validated against polysomnography in a subgroup were utilized. 35 We used frequent breathing pauses to define sleep apnea for the purposes of investigating OSA influences of obesity-associated morbidity. Although using such a symptom will produce some misclassification relative to polysomnography, it is a specific symptom, and those reporting frequent breathing pauses during sleep are likely to have OSA. 36, 37 Single blood pressure readings were used as is common in large scale studies of this type, but it is possible that this may lead to misclassification of hypertension compared with serial readings, such as 24-hour blood pressure. Another limitation is that the subjects were not randomised to surgical or control groups, as this was refused by ethics committees at the time the study was initiated. Therefore SOS subjects self-selected therapy, and there may be unrecognised biases with potential effects on measured outcomes. In addition, the BMI of the SOS subjects was at the higher end of weight ranges seen in sleep clinics, and these data may not be able to be generalized to overweight or less obese individuals.
The effectiveness of intentional weight loss in reducing symptoms of sleep disordered breathing has important implications for management of sleep apnea in the obese patient. Nasal CPAP has high efficacy in OSA, but effectiveness is limited. Recent data suggest that less than 30% of patients in Sweden prescribed CPAP comply adequately with this treatment at 1-year follow-up. 38 Patients with obesity also respond poorly to mandibular advancement splints and upper airway surgery. 11, 12 Therefore sustained weight loss has advantages in the overall management of OSA in addition to therapeutic benefits for other morbidity in obesity. For patients with milder degrees of obesity, nonsurgical weight loss strategies may also have a role in the management of OSA, though this will need to be verified by randomized controlled trials (RCT) for the endpoint of OSA. Emerging data from open "proof of concept" studies suggest the potential of this approach. 8 For more severe obesity, bariatric surgery in the SOS study had low morbidity and mortality 15 with newer, simpler surgical techniques becoming available. 40 When data from randomized studies demonstrating longer term benefits in mortality and morbidity become available, weight loss surgery should be considered as an important treatment alternative in patients with severe obesity and sleep apnea. 
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